Zhu Z, Jiang W, McGinley JN, Thompson HJ. Energetics and mammary carcinogenesis: effects of moderate-intensity running and energy intake on cellular processes and molecular mechanisms in rats. J Appl Physiol 106: 911-918, 2009. First published December 18, 2008 doi:10.1152/japplphysiol.91201.2008.-The objective of this experiment was to determine the effects on mammary carcinogenesis of similar limitations in energy availability either by energy expenditure due to moderate-intensity running (physical activity, PA) or by regulating dietary energy (RE) intake relative to a sedentary control (SC) group that ate ad libitum. A total of 90 female Sprague-Dawley rats were injected with 1-methyl-1-nitrosourea (50 mg/kg) and 7 days thereafter were randomized to either SC, a PA group given free access to a motorized running wheel, or a RE group whose food intake limited growth to the rate observed in PA. Compared with SC, mammary carcinogenesis was inhibited by RE or PA. Cancer incidence, 92.6%, 77.8%, and 66.7% (P ϭ 0.06), and cancer multiplicity, 3.44, 2.11, and 1.62 cancers/rat (P ϭ 0.006), in SC, RE, and PA, respectively, were reduced to a similar extent by RE and PA. Histological and Western blot analyses of mammary carcinomas provided evidence that RE and PA induced apoptosis via the mitochondrial pathway, that cell cycle progression was suppressed at the G 1/S transition, and that intratumoral blood vessel density was reduced, although it remains to be determined whether PA and RE exert these effects via the same mechanisms. energy restriction; physical activity WHEN ENERGY INTAKE remains higher than energy expenditure over a sufficient period of time, body weight relative to stature will increase and can result in the occurrence of overweight or obesity (35). The number of individuals who are overweight or obese is increasing at an unprecedented rate, and the failure to prevent excessive weight gain that results in these conditions is associated with an increased risk for several types of cancer, including breast cancer (9). The guidance that is generally given to individuals attempting to prevent weight gain and obesity is to limit dietary energy intake and increase physical activity (22) .
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Because of the limitations inherent in the measurement of both energy intake and physical activity behaviors in human populations over the time course required for cancer to develop (15-to 20-yr latency), the investigation of their individual contributions to the prevalence of cancer and to cancer mortality in epidemiological studies remains problematic. The use of animal models for carcinogenesis and physical activity offers an alternative approach by which to systematically study the effects on cancer of alterations in energy balance by manipulation of either energy intake or energy expenditure (28) . For this study, a well-characterized model for breast cancer, induced in the rat by 1-methyl-1-nitrosourea (MNU) (32) , and a rodent wheel-running device newly developed by our laboratory were used. PA was accomplished by giving rats access to a motorized activity wheel that was linked, under computer control, to a food pellet dispenser so that wheel-running behavior was maintained by food reward. This permitted the comparative investigation of the effects of wheel running and limited energy intake on experimentally induced mammary carcinogenesis compared with a sedentary control group in which animals were allowed to eat ad libitum. As previously reported, sedentary rats allowed to eat ad libitum model overeating behavior associated with overweight and obesity, whereas animals whose energy availability was limited by physical activity or a regulated dietary energy model the targeted health state of normal weight for height (1, 16 -20, 30, 31, 35) .
MATERIALS AND METHODS

Chemicals
Primary antibodies used in this study were anti-cyclin D1 and anti-E2F-1 from Thermo Fisher Scientific (Fremont, CA), anti-retinoblastoma (Rb), anti-Bcl-2, anti-hILP/X-linked inhibitor of apoptosis protein (XIAP), and anti-Bax from BD Biosciences (San Diego, CA), anti-apoptosis protease-activating factor 1 (Apaf-1) from Millipore (Billerica, MA), and anti-rabbit immunoglobulin-horseradish peroxidase (HRP)-conjugated secondary antibody, as well as LumiGLO reagent with peroxide, all from Cell Signaling Technology (Beverly, MA). Anti-VEGF, anti-p21
Cip1 , and anti-mouse immunoglobulin-HRP -conjugated secondary antibody were from Santa Cruz (Santa Cruz, CA). Mouse anti-␤-actin primary antibody was obtained from Sigma Chemical (St. Louis, MO). Rabbit anti-Ki-67, clone SP6 was from Labvision (Fremont, CA); goat anti-CD31 was from Santa Cruz Biotechnology. Biotinylated donkey anti-rabbit, donkey anti-goat secondary antibodies, and normal donkey serum were from Jackson Immuno Research (West Grove, PA); HRP-conjugated streptavidin was from Dako (Carpinteria, CA) and stable 3,3Ј-diaminobenzidine (DAB) from Invitrogen (Carlsbad, CA).
Animals and Physical Activity
Ninety female Sprague Dawley rats were obtained from Taconic Farms (Germantown, NY) at 20 days of age. At 21 days of age, rats were injected with 50 mg MNU/kg body wt ip as previously described (32) . Rats were housed individually in solid-bottomed polycarbonate cages. Seven days following carcinogen injection, all rats were randomized into one of three groups, a sedentary control (SC) group, a physically active (PA) group, or a group given a regulated amount of food (RE). Rats were fed AIN-93G pellet diet (Research Diet, Brunswick, NJ).
The animals in the PA group were housed in cages equipped with a running wheel for PA and earned food according to the distance they ran. Each PA rat was paired to a RE rat that was also individually housed in a cage adjacent to the PA rat; pellet dispensers on each pair of cages were linked by cables so that each animal in a pair ate the designated amount of food that maintained comparable growth rates between the paired rats. Rats were weighed daily, and the ratio of food delivered to each RE and PA rat was adjusted using a programmable electronic transducer that linked the pellet dispensers. This instrument overcomes a number of problems that have limited the study of PA and cancer using preclinical models (reviewed in Refs. 7, 27). They include 1) inherent differences among running wheels in the resistance of the wheel to rotate; 2) the variable speed at which animals run in the wheels, thus affecting the intensity of PA; and 3) the welldocumented decline in running activity over the time frame of most carcinogenesis experiments. Animal rooms were maintained at 22 Ϯ 1°C with 50% relative humidity and a 12:12-h light-dark cycle. Rats were palpated for detection of mammary tumors twice per week starting from 29 days postcarcinogen. The work reported was reviewed and approved by the Colorado State University Institutional Animal Care and Use Committee and conducted according to the committee guidelines.
Necropsy
Rats were killed over a 3-h time interval via inhalation of gaseous carbon dioxide followed by cervical dislocation. Rats were then skinned, and the skin to which the mammary gland chains were attached was examined under translucent light for detectable mammary pathologies. All grossly detectable mammary gland lesions were excised for histological classification. When size was sufficient, a piece of each tumor was also immediately frozen in liquid nitrogen for the future molecular biological analysis.
Immunohistochemistry
Formalin-fixed paraffin sections were cut at 4 m, floated onto charged slides, and heat-immobilized at 70°C for 30 min. Slides were deparaffinized in xylene, 3 ϫ 10 min, and hydrated to water using a series of graded ethanols. Slides were immersed in 10 mM citrate buffer, pH 6.0 (Biogenex, San Ramon, CA) and heat-induced epitope retrieval (HIER) performed using a pressure cooker (Biocare Medical, Concord, CA). Following HIER, slides were allowed to cool in citrate buffer for 30 min, and all remaining incubations were carried out at room temperature. Endogenous peroxidase activity was quenched by immersing slides in 3% H 2O2 for 5 min. Slides were rinsed in PBS, pH 7.4, and loaded onto an Autostainer (Dako). Normal donkey serum (10%) was applied to all sections for 20 min. Excess serum was drained and primary antibody applied, for 60 min. Negative controls were treated with PBS in lieu of primary antibody. Slides were rinsed in PBS 3ϫ between each of the following reagent applications: target biotinylated secondary antibody, 30 min; HRP-conjugated streptavidin, 30 min; and stable DAB, 10 min. Slides were removed from the Autostainer, rinsed in water, counterstained in dilute hematoxylin for 2 min, dehydrated using a series of graded ethanols, cleared in xylene, and mounted using a synthetic resin.
Image Analysis
Ki-67 stained sections were analyzed using a CAS-200 image analysis system (Bacus Labs, Lombard, IL) as described previously (12) . All images were captured at a magnification of 400ϫ using a fixed field of 120 ϫ 80 m or 9,600 m 2 . Ten dots were placed randomly on each slide analyzed using a green marker before review under the microscope to avoid selection bias. Images were captured as close to each dot as possible.
Apoptosis index of images of corresponding hematoxylin-and eosin-stained serial sections were acquired using a Zeiss Axioskop II at a magnification of 400ϫ and evaluated for evidence of apoptosis. Ten random dots were marked on each slide before review under the microscope to avoid selection bias. Images were captured as close to each dot as possible and cropped to a fixed field area encompassing 9,600 m 2 , identical to that used for measurement on the CAS system. Apoptotic and normal cells were marked and counted using the manual tag tools in ImagePro Plus 4.5 (Media Cybernetics, Bethesda, MD).
CD31-stained sections were acquired using a Zeiss Axioskop II at a magnification of 100ϫ. Three contiguous microscopic fields were captured and assembled into a single composite TIF image using Adobe Photoshop CS3, version 10.0.1 (Adobe Systems, San Jose, CA). CD31 stained blood vessels were circumscribed and analyzed in ImagePro Plus 4.5 (Media Cybernetics).
Western Blotting
Mammary carcinomas were homogenized in lysis buffer [40 mM Tris ⅐ HCl (pH 7.5), 1% Triton X-100, 0.25 M sucrose, 3 mM EGTA, 3 mM EDTA, 50 M ␤-mercaptoethanol, 1 mM phenylmethylsulfony fluoride, and complete protease inhibitor cocktail (Calbiochem, San Diego, CA)]. The lysates were centrifuged at 7,500 g for 10 min in a tabletop centrifuge at 4°C, and clear supernatant fractions were collected and stored at Ϫ80°C. The protein concentration in the supernatants was determined by the Bio-Rad protein assay (Bio-Rad, Hercules, CA).
Western blotting was performed as described previously (10) . Briefly, 40 g of protein lysate per sample was subjected to 8 -16% SDS-PAGE after being denatured by boiling with SDS sample buffer [63 mM Tris ⅐ HCl (pH 6.8), 2% SDS, 10% glycerol, 50 mM DTT, and 0.01% bromophenol blue] for 5 min, and the proteins were transferred to a nitrocellulose membrane. The levels of cyclin D1, E2F-1, Rb, p21
Cip1 , Bcl-2, hILP/XIAP, Bax Apaf-1, VEGF, and ␤-actin were determined using specific primary antibodies, followed by treatment with the appropriate peroxidase-conjugated secondary antibodies and visualized by LumiGLO reagent Western blotting detection system. The chemiluminescence signal was captured using a ChemiDoc densitometer (Bio-Rad) run under the control of Quantity One software (Bio-Rad) and analyzed by the software. The actin-normalized scanning density data were reported.
Caspase 3 Activity Assay
Caspase 3 activity was determined using EnChek Caspase Assay Kit no. 2 (Invitrogen) following the instruction provided by the company. Briefly, samples were prepared in 1ϫ lysis buffer (pH 7.5, Invitrogen), and 50 l of the sample was incubated with caspase-3 substrate Z-DEVD-R110 (Invitrogen) at room temperature for 30 min. The caspase 3 activity was quantified by measuring the fluorescence with excitation at 496 nm and emission at 520 nm using 96-well plate reader SpectraMax M5 (Molecular Devices, Sunnyvale, CA). The protein concentration in the sample was determined by the Bio-Rad protein assay (Bio-Rad). The caspase 3 activity was expressed as nanomolar per minute per milligram protein of rhodamine 110, which is a caspase 3-catalyzed product of Z-DEVD-R110 substrate, by measuring the rhodamine 110 as reference standard at the same time.
Statistical Analyses
Differences among groups in the incidence and multiplicity of mammary carcinomas were evaluated, respectively, by chi-square analysis (25) or ANOVA after square root transformation of tumor count as recommended in Ref. 26 . Effects on cancer latency were evaluated by survival analysis (2) . Differences among groups in the body weight and caspase-3 activity were analyzed by ANOVA (5). For Western blots, representative Western bands were shown in the figures. The data shown in the tables were either the actin-normalized scanning data for proteins involved in cell cycle, apoptosis, or the ratio of the actual scanning units derived from the densitometric analysis of each Western blot for the phosphoproteins involved in cell proliferation. For statistical analyses, the actin-normalized scanning density data obtained from the ChemiDoc scanner using Quantity One (Bio-Rad) or the ratio data from the immunohistochemical and histological analyses for rates of cell proliferation, apoptosis, and angiogenesis were first rank transformed. The ranked data were then subjected to either ANOVA or multivariate ANOVA (14) . All analyses were performed using Systat statistical analysis software version 12 (Systat Software, San Jose, CA).
RESULTS
Physical Activity and Growth
A total of 30 sets of rats (one set included one PA, one RE, and one SC rat) were assigned to the study. Of the 30 rats that were randomized to wheel running, 27 sets (90%) were judged to be compliant to running in response to food reward and completed the experiment. The three rats eliminated either refused to run or ran to a limited extent and failed to gain weight during the first week of the study. The rats paired (set) to those three PA rats were also removed from the experiment. The average distance run per day by the 27 PA rats that completed the study was 5,048 Ϯ 430 m. SC rats ate 19% more than RE rats and 12% more than PA; SC rats had an average final body weight 8% higher than either PA or RE (P Ͻ 0.001, Table 1 ).
Carcinogenic Response
Mammary cancer incidence and multiplicity were reduced to a similar extent by RE and PA. Cancer incidence was 92.6%, 77.8%, and 66.7%, respectively, in SC, RE, and PA (Table 1 , P ϭ 0.06). Cancer multiplicity was 3.44, 2.11, and 1.62 cancers/rat, P ϭ 0.006, in SC, RE, and PA, respectively. Cancer latency was prolonged by either RE or PA relative to SC (Table 1 and Fig. 1 , P ϭ 0.022).
Analyses for Cell Proliferation, Apoptosis, and Angiogenesis
Cell proliferation. Cell growth fraction was assessed by Ki-67 staining using a random counting method. As shown in Fig. 2 , A and D, a small numerical decrease was observed in the growth fraction in RE and PA relative to SC, but the intergroup differences were not statistically significant (P Ͼ 0.10). The table included in Fig. 3B provides the average relative absorbance values, normalized to ␤-actin, as a measurement of the amount of each protein assessed for cell proliferation. Levels of cyclin D1, hypo-and hyperphosphorylated Rb, E2F-1, and p21
Cip1 were evaluated. E2F-1 was significantly reduced by PA and RE (P ϭ 0.02). The relative abundance of hypo-to hyperphosphorylated Rb was increased by PA (P ϭ 0.02).
Apoptosis. Figure 2 , B and E, shows the data obtained for apoptosis index using the original method and criteria developed by Kerr et al. (11) for its detection. A pattern of increased apoptosis in either PA or RE relative to SC was observed, although the magnitude of the difference was not statistically significant. Figure 4B shows that the activity of caspase 3, which was determined by enzymatic reaction, was increased approximately twofold by PA and RE (P Ͻ 0.001). Western blots for proteins involved in apoptosis are also shown in Fig.  4 . Mammary carcinomas from PA or RE rats had lower levels of Bcl-2 and XIAP and higher levels of Bax and Apaf than found in carcinomas from SC rats, and the ratio of Bax to Bcl-2 was increased (P Ͻ 0.01). This pattern of protein expression is consistent with PA and RE inducing a proapoptotic environment (Hotelling-Lawley multivariate statistic, P ϭ 0.01). Univariate statistics from the multivariate analysis indicated that the effects of PA and RE on Bax (P Ͻ 0.001) were significant.
Angiogenesis. Figure 2 , C and F, shows the CD31 staining used to detect the presence of blood vessels within the mammary carcinomas using the approach previously published by our laboratory (13) . As shown in Fig. 2F and detailed in Table 2 , blood vessel density was reduced in PA or RE vs. SC for all vessels greater than category 1. While the multivariate statistic for the overall effect of PA and RE on tumor vascularization Final body weight values are expressed as means Ϯ SE. Carcinogenic response values are expressed as percentages for cancer incidence, as means Ϯ SE (n ϭ27/group) for cancer multiplicity, and as mean time to first palpable mammary tumor histologically confirmed to be an adenocarcinoma (with 95% confidence intervals) for cancer latency. *P Ͻ 0.05 compared with sedentary control. †P Ͻ 0.05 compared with regulated energy. Fig. 1 . Effect of regulated energy (RE) and physical activity (PA) on the latency to detection of palpable mammary tumors that were subsequently confirmed histologically to be adenocarcinomas relative to sedentary control rats that ate ad libitum (SC). PA and RE prolonged tumor latency relative to SC (trend, P ϭ 0.022). *P Ͻ 0.05 at different days postcarcinogen.
was not significant, the univariate statistics for vessel size categories above 25 m 2 were P Ͻ 0.05. Western blots for VEGF are also shown in Fig. 4 . VEGF was reduced in PA and RE relative to SC (P ϭ 0.04).
DISCUSSION
While the most common guidance given for maintenance of an appropriate body weight for height is to be physically active and to limit food intake (22) , little is known about the effects on the carcinogenic process of limiting weight gain by physical activity-associated energy expenditure vs. reduced caloric intake. For the study reported herein, a newly developed motordriven rodent activity wheel designed and built in our laboratory was used. The motorized wheel permitted PA intensity to be held constant while PA duration was self-determined by each rat. This PA model reinforced running behavior by delivering food via a pellet dispenser and also limited the food intake of another animal paired to each PA rat. As shown in Table 1 and Fig. 1 , limitation in energy availability by RE or PA reduced mammary cancer incidence and multiplicity and prolonged cancer latency relative to SC rats that ate ad libitum. At the gross level, all of the animals in this experiment were in positive energy balance, meaning that they all grew without weight loss. The SC rats ate 12 and 19% more than PA or RE rats, respectively, and SC had body weights that were 8% higher than either PA or RA. Given that our previous work indicates that SC rats are likely to have higher body fat content than RE or PA (3), it will be important to determine if body composition plays a role in explaining the observed effects on the carcinogenic response. However, emerging evidence from mice that lack white adipose tissue indicates that body fat per se is unlikely to be an obligatory factor in accounting for Fig. 2 . Effect of RE and PA on growth fraction, apoptosis, and blood vessel density in mammary carcinomas relative to SC rats. A: growth fraction was determined by Ki-67 staining showing low to no activity in normal mammary duct (arrowhead) and high activity in mammary adenocarcinoma (arrows). B: apoptosis was evaluated by counting apoptotic cells detected in hematoxylinand eosin-stained sections (arrows). C: angiogenesis was measured by CD31 staining (arrowheads). All digital images were acquired at high magnification (ϫ400); bars, 10 m. Bar graphs in D (growth fraction), E (apoptosis), and F (angiogenesis) show the patterns observed across treatment groups; n ϭ 9 carcinomas per treatment (each bar in a graph is mean Ϯ SE). differences in the carcinogenic response associated with body composition (8, 15) . Relative to whether PA and RE exerted quantitatively similar effects on mammary carcinogenesis [cancer incidence differed by 11.1% (66.7% vs. 77.8%) and cancer multiplicity by 0.49 cancers/rat (1.62 vs. 2.11 cancers/ rat), respectively, in PA vs. RE], the data presented herein can only be interpreted as indicating that PA and RE had comparable effects. However, additional work is needed to investigate these approaches to weight control more fully. While the differences observed may in fact be due to expected random variation in the carcinogenic response among treatment groups, PA and RE resulting in the same growth rate are likely to exert dissimilar effects on energy metabolism, inflammation, and muscle metabolism that have the potential to exert differential effects on the carcinogenic response.
There are a number of reasons that a difference in the carcinogenic response could be exerted by PA vs. RE. Other than effects on body composition, PA induces a greater flux of energy through the system than RE, which may induce differences in redox-sensitive cell signaling via reactive oxygen Fig. 3 . Levels of cell cycle regulatory proteins in mammary carcinomas from SC, RE, and PA rats: cyclin D1, E2F-1, retinoblastoma (Rb), and p21
Cip1 . Representative Western blot images (A) and table (B) for the levels of proteins (relative absorbance unit ϫ 10 4 ) or the ratio of hyperphosphorylated Rb (ppRb) to Rb (ppRb/Rb) are shown as means Ϯ SE; n ϭ 7 per treatment group. Compared with SC: *P Ͻ 0.05. Compared with RE: †P Ͻ 0.05. pRb, hypophosphorylated Rb. [Note added in proof: Figure 3A is a digital composite of representative bands from a series of gels. In each case, the analytes represented by each lane were assessed in a single lysate, and equal loading was confirmed by assessment of actin (same is true for Fig. 4A ).] Fig. 4 . Levels of proteins involved in the regulation of apoptosis in mammary carcinomas from SC, RE, and PA rats: Bcl-2, human X-linked inhibitor of apoptosis protein (XIAP), Bax and apoptosis protease-activating factor 1 (Apaf-1). Representative Western blot images (A) and table (B) for the levels of proteins (relative absorbance unit ϫ 10 4 ) are shown as means Ϯ SE; n ϭ 7 per treatment group. Data also shown for caspase 3 activity as an alternative indicator of apoptosis and VEGF as a marker for angiogenesis. The caspase 3 activity was expressed as nM ⅐ min Ϫ1 ⅐ mg protein Ϫ1 of rhodamine 110, which is a caspase 3-catalyzed product of Z-DEVD-R110 substrate, by measuring the rhodamine 110 as reference standard at the same time. The ratio of Bax to Bcl-2 was calculated. Compared with SC: *P Ͻ 0.05. [Note added in proof: Figure 4A is a digital composite of representative bands from a series of gels. In each case, the analytes represented by each lane were assessed in a single lysate, and equal loading was confirmed by assessment of actin (same is true for Fig. 3A ).] species generated during oxidative phosphorylation. On the other hand, RE reduces circulating glucose and mitochondrial oxidative phosphorylation, both of which could influence the metabolic reprogramming associated with carcinogenesis. PA, depending on its type, intensity, duration, and frequency, induces either pro-or anti-inflammatory responses, both of which have the potential to affect the carcinogenic process in a number of organ sites, whereas reduced energy intake is associated with suppression of inflammation via increasing corticosterone and other hormones. Relative to whether PA could exert effects on the carcinogenic process that are related to bodily movement per se, i.e., to muscle contraction, is consistent with an experiment reported over three decades ago indicating that the metabolism of contracting skeletal muscle produces a factor(s) that inhibits tumor cell growth throughout the initiated and progressed carcinogenesis (6) . Moreover, emerging evidence indicates that contracting muscle releases cytokines, referred to as myokines, that have endocrine activity (21) ; this finding has important implications in that it suggests that skeletal muscle represents the largest endocrine organ in the body.
Tissue Size Homeostasis
Given that tumors arise due to the misregulation of cell proliferation, apoptosis, and angiogenesis (4) , and that our studies of dietary energy restriction on carcinogenesis imply that these processes are likely to be affected (29, 33, 34) , mammary carcinomas from each experimental group were analyzed.
Cell Proliferation
The expression of the human Ki-67 protein is strictly associated with cell proliferation. The fact that the Ki-67 protein is present during all active phases of the cell cycle (G 1 , S, G 2 , and mitosis) but is absent from resting cells (G 0 ) makes it an excellent marker for determining the so-called growth fraction of a given cell population (23) . As shown in Fig. 2 , there was no evidence to indicate that PA or RE affected growth fraction in the mammary carcinomas assessed, i.e., the proportion of cells in G 0 , a finding that is consistent with an earlier report on the effects of dietary energy restriction in mammary carcinomas (10) . However, when the data in Fig. 3 were used to determine the ratio of hypophosphorylated to hyperphosphorylated Rb, the ratio was increased by PA (P ϭ 0.02). This implies that PA suppressed the rate of passage of cells from G 1 to S even though the growth fraction was not affected. The fact that levels of E2F-1 were reduced by PA and RE also is consistent with the Rb data in that E2F-1 is normally bound to hypophosphorylated Rb and is released when Rb is progressively phosphorylated by cyclindependent kinases 2 and 4. Free E2F-1 is a critical transcriptional factor that promotes the expression of genes involved in the G 1 /S transition and the synthesis of DNA (24) .
Apoptosis
The rate of apoptosis was measured histologically using the criteria initially used by Kerr et al. (11) . Recognizing that apoptosis is a very rapid process and that small differences in apoptotic rate can have a major impact on tumor growth, the effect reflected in gross morphological evidence of apoptosis, while not statistically significant (Fig. 2) , was judged to merit further analysis using more sensitive molecular techniques. As shown in Fig. 4 , the activity of the caspase 3, which is an executioner caspase, was about twofold higher in PA or RE relative to SC. Further investigation of Bcl-2 family members indicated that at least a component of the proapoptotic effect was being mediated by the intrinsic or mitochondrial pathway involved in cell death induction. Additional work is necessary to determine if the receptor-mediated pathway might also be involved. Moreover, given the increasing evidence that changes in intracellular energy availability may induce autophagy and that IL-6, a myokine that is released by contracting muscle, can play a role in activating autophagy, and that autophagy can prompt apoptosis, our observations provide evidence that additional mechanistic studies of cell death induction by PA and RE are warranted.
Angiogenesis
As shown in Fig. 2 and Table 2 , vascular density was lower in mammary carcinomas from either PA or RE rats relative to SC. While the effects on small blood vessels (categories 1 and 2) did not reach the level of statistical significance, density of large vessels was reduced, and overall both the number of blood vessels and blood vessel area were lower in PA or RE. These findings are consistent with the reduced level of VEGF, determined by Western blotting, in either PA or RE. These data provide a rationale for additional studies that elucidate the mechanism(s) through which PA and RE downregulate blood vessel growth since it is well recognized that at least in muscle, PA is expected to exert proangiogenic effects.
Summary
A reduction in energy availability relative to sedentary control animals that ate ad libitum, whether due to PA-associated energy expenditure or reduced food intake, significantly inhibited the postinitiation phase of mammary carcinogenesis. In the tumors that did occur, evidence was obtained indicating that PA and RE suppressed passage of transformed cells through the G 1 /S stage of the cell cycle, induced apoptosis resulting in activation of caspase 3 via the mitochondrial pathway of cell death induction, and decreased tissue levels of VEGF and blood vessel density. For each of these cellular processes, additional studies are needed to define specific signaling events responsible for these effects. Those studies should be directed, at least initially, to signal transduction pathways that been shown to have the capacity to exert coordinated effects on cell cycle transit, cell death induction, and blood vessel formation and maintenance.
NOTE ADDED IN PROOF
Figures 3A and 4A are digital composites of representative bands from a series of gels. In each case, the analytes represented by each lane were assessed in a single lysate, and equal loading was confirmed by assessment of actin.
